Protein evolution is crucial for organismal adaptation and fitness. This process takes place by shaping a given 3-dimensional fold for its particular biochemical function within the metabolic requirements and constraints of the environment. The complex interplay between sequence, structure, functionality, and stability that gives rise to a particular phenotype has limited the identification of traits acquired through evolution. This is further complicated by the fact that mutations are pleiotropic, and interactions between mutations are not always understood. Antibiotic resistance mediated by ␤-lactamases represents an evolutionary paradigm in which organismal fitness depends on the catalytic efficiency of a single enzyme. Based on this, we have dissected the structural and mechanistic features acquired by an optimized metallo-␤-lactamase (M␤L) obtained by directed evolution. We show that antibiotic resistance mediated by this enzyme is driven by 2 mutations with sign epistasis. One mutation stabilizes a catalytically relevant intermediate by fine tuning the position of 1 metal ion; whereas the other acts by augmenting the protein flexibility. We found that enzyme evolution (and the associated antibiotic resistance) occurred at the expense of the protein stability, revealing that M␤Ls have not exhausted their stability threshold. Our results demonstrate that flexibility is an essential trait that can be acquired during evolution on stable protein scaffolds. Directed evolution aided by a thorough characterization of the selected proteins can be successfully used to predict future evolutionary events and design inhibitors with an evolutionary perspective.
antibiotic resistance ͉ enzyme ͉ fitness landscape ͉ metalloproteins ͉ epistasis P rotein evolution is crucial for organismal adaptation and fitness (1) (2) (3) (4) (5) (6) (7) (8) . This process takes place by shaping a given 3-dimensional fold for its particular biochemical function within the metabolic requirements and constraints of the environment. The evolution of a protein relies on a subtle interplay between sequence, structure, functionality, and stability that is manifested in a particular phenotype (1, 2) . The dissection of this interplay is not trivial, and it is further complicated by 2 facts. The first complication is that mutations are pleiotropic, and classical approaches to this issue fail in providing a global picture. Thus, although functional studies are focused on the effect of mutations on a phenotype overriding the biochemical rationale, structural or biochemical studies usually disregard the organismic impact of mutations. The second difficulty is to understand the interactions between mutations, particularly when they are distant in the 3-dimensional structure of the protein. Only recent efforts have been conveyed to address the interaction of distant mutations at the biochemical level, i.e., their impact on the in vitro activity of enzymes (6, 9) . Extensions of these studies to predict the in vivo effect of these interactions on organismal fitness are scarce.
Adaptive molecular changes have been the subject of many previous studies, mostly relying on statistical descriptions at the sequence level. Only recent efforts have aimed at identifying changes in sequence and structure that affect fitness within a defined protein fold (4, 7, 8, 10, 11). The identification of such structural traits acquired through evolution allows both the reconstruction of ancestral genes (7, 8, 12) and the prediction of future evolutionary events (5, 13) . The latter approach could be immensely valuable for anticipating the molecular features that might enhance bacterial resistance to antibiotics, thereby informing strategies to combat this clinical threat.
The principal mechanism of bacterial resistance to ␤-lactam antibiotics is the expression of ␤-lactamases, a family of enzymes whose evolution is continuously challenged by the indiscriminate use of antibiotics (5, 13, 14) . ␤-Lactam resistance mediated by ␤-lactamases provides a unique example in which organismal survival depends on the hydrolytic activity of a protein (14) . Accordingly, recent studies in the serine-␤-lactamase (S␤L) TEM-1 and its variants have allowed significant advances in the understanding of protein evolution. Based on the analysis of different possible evolutionary trajectories, Weinreich and coworkers have posited that only a few of them can be successful, thus implying that directed evolution can be exploited to anticipate natural evolutionary scenarios (4) . Related experiments on the same enzyme have evinced a trade-off between activity and stability in the evolution of antibiotic resistance mediated by TEM variants (5, 15, 16) .
Antibiotic resistance can also be due to the expression of metallo-␤-lactamases (M␤Ls) (17) . Despite catalyzing the same reaction, serine and metal-dependent enzymes are not evolutionarily related, and display different catalytic mechanisms. Metallo-␤-lactamases are zinc enzymes able to hydrolyze almost all ␤-lactam antibiotics (except B2 M␤Ls, which are exclusive carbapenemases) (17) . Because there are no clinically useful inhibitors available for them, M␤Ls challenge the available therapeutics for bacterial infections (18) . From the evolutionary point of view, several authors have considered them as young, still incompletely evolved enzymes, based on their lower catalytic efficiencies compared with S␤Ls (14, 19, 20) . However, the broader substrate portfolio exhibited by M␤Ls may have been achieved at the expense of lower enzymatic activities.
Directed evolution on the Bacillus cereus M␤L, BcII, by DNA shuffling and selection by cephalexin resistance (a poor substrate of BcII) elicited an evolved variant, M5, displaying an enhanced activity toward cephalexin and others cephalosporins (13) . Surprisingly, this enhancement did not take place at the expense of impaired hydrolytic activity toward other substrates, thus gen-erating an enzyme with an even broader substrate spectrum, supporting the suggestion that M␤Ls can further evolve. Here, we report the structural, biochemical, biophysical, and in vivo functional study of this in vitro evolved metallo-␤-lactamase. We conclude that M␤Ls have a large evolutionary potential that may be still manifested in the clinical environment. From the point of view of protein evolution, we have found that: (i) M␤Ls can evolve by further expanding their substrate spectrum, i.e., their functional promiscuity; (ii) a mutation enhancing the activity has acted in the rate-determining step of catalysis by stabilizing a key intermediate, suggesting that their active-site chemistry can still evolve; (iii) a mutation gained later in the evolution further enhances the catalytic efficiency by augmenting the flexibility; (iv) both mutations provide not only a more efficient enzyme, but also a higher in vivo fitness at the expense of the enzyme stability. We can conclude that flexibility is an essential trait in evolution provided the stability threshold of the protein has not been exhausted. In addition, these results suggest inhibitory strategies to anticipate further resistance.
Results
The evolved variant of the metallo-␤-lactamase BcII from B. cereus, named M5, contains 4 mutations (N70S, V112A, L250S, and G262S), none of them located in the active site. We solved the X-ray structure of M5 [supporting information (SI) Table  S1 ], which showed that none of these mutations entails changes in the global fold (0.6 Å rmsd on all nonhydrogen atoms vs. wt BcII). The active site of BcII can be described as a shallow groove flanked by loops L3 and L10, hosting 2 Zn(II) ions located in its floor, which is defined by loops L7, L9, and L12 (20, 21) (Fig. 1) . Zn1 is bound to 3 His residues (His-116, His-118, and His-196), whereas Zn2 is coordinated to Asp-120, Cys-221, and His-263. Although all mutations are remote, the most significant changes are found in the enzyme active site: Zn2 has moved closer to Zn1 by 0.5-1.0 Å in the mutant, while preserving the same ligand set (Fig. 1) . The 2 closest mutations to the active site are N70S and G262S, both located below the active-site floor. The hydroxyl oxygen of Ser-262 is 3.0 Å from the Cys-221 sulfur, and 3.2 Å from the Cys-221 backbone nitrogen atom (Fig. 1) . Ser-262 behaves as a second shell ligand of Zn2 and at the same time connects loops L10 and L12. Ser-70 is located in a ␤-strand 2 residues upstream from Pro-68, which defines the N terminus of a conserved mobile loop (L3). The absence of the Asn-70 side chain results in the removal of 2 H bonds with Pro-261 and Gly-264, which flank the Zn2 ligand His-263 and the mutated residue 262 (located in loop L12; Fig. 1 ). These are the only H bonds connecting loops L3 and L12. Another notable change in the interloop connections is that Arg-121 (from loop L7) adopts a different conformation in M5, resulting in the loss of a H bond of its guanidinium group with the backbone oxygen of residue 262 (loop L12).
To examine the influence of each of these mutations on the active-site structure, mutants N70S, G262S, and N70S/G262S were produced, and the metal site probed by substitution of the native Zn(II) ion by Co(II) (22) . The electronic spectra of the Co(II) derivatives (Fig. S1) show that the ligand field bands between 450 and 660 nm corresponding to the Zn1 site are identical in all variants, revealing that this metal site is unaltered by either of these mutations (22) . However, a Cys-221-Co(II) charge transfer band at 343 nm (a reporter of the Zn2 site) is perturbed only when Ser-262 is present, pointing to a key role of the Ser-262-Cys-221 H bond. These experiments reveal that: (i) G262S is the only mutation that has a direct effect on the metal site structure (via the H bond), and (ii) only the Zn2 site is perturbed, whereas the Zn1 site does not show significant changes on this mutation (Fig. 1) .
The catalytic performances of the single mutants N70S and G262S, and the double mutant N70S/G262S, were assayed toward 5 different ␤-lactam substrates including a penicillin, a carbapenem, and 3 cephalosporins ( Fig. 2 and Table S2 ). The G262S mutant shows a selectively enhanced catalytic efficiency toward nitrocefin and cephalexin (the substrate used in the directed evolution experiment) compared with wt BcII, but the catalytic efficiency of the single mutant N70S is compromised for all substrates tested. However, the catalytic efficiency of the double mutant was enhanced for all substrates, with a notable 56-fold increase in activity toward cephalexin. These observations suggest a synergistic effect between these 2 mutations.
G262S, the only mutation that has a direct impact on the structure of the metal site induces the greatest activity enhancement on cephalexin hydrolysis, a 20-fold increase on k cat (Table  S2) . This suggests that evolution may have acted by stabilizing the enzyme-transition state complex. This hypothesis was tested by studying the hydrolysis of nitrocefin, a chromophoric cephalosporin that is a useful probe of the catalytic mechanism of M␤Ls (23) . Whereas nitrocefin hydrolysis by wt BcII under single-turnover conditions proceeds through a direct conversion of substrate to product, the same reaction catalyzed by G262S BcII reveals the accumulation of an intermediate, as indicated by the rise of an absorption band with a maximum at 665 nm that decays within 10 ms (Fig. 3 and Fig. S2 ). This spectral feature is identical to the feature reported for nitrocefin hydrolysis by the M␤L CcrA from Bacillus fragilis, and is attributed to an anionic intermediate in which a negatively charged nitrogen is bound to the metal ion at the Zn2 site (Fig. 3) (23) . In terms of steady-state parameters, the G262S mutation has increased k cat from 30 to 680 s Ϫ1 , even larger than that displayed by CcrA (250 s Ϫ1 ). This confirms that the G262S mutation has led to stabilization of a catalytically relevant intermediate, thus acting on the ratelimiting step of the reaction.
These data provide a rationale for the effect of the G262S mutation, but do not account for the selection of the N70S mutation, nor explain the broader substrate spectrum displayed by the double N70S/G262S mutant. The N70S mutation is deleterious for the activity of wt BcII, but beneficial when acting on G262S BcII ( Fig. 2 and Table S2 ). Mutations improving the catalytic performance of enzymes (like S␤Ls) usually have a detrimental effect on the protein stability that is restored by compensatory, stabilizing mutations (1, 2, 15). We therefore studied the stability of the different BcII mutants by guanidine hydrochloride-induced protein unfolding. BcII is an extremely stable protein (⌬G u ϭ 18.4 kcal/mol, see Fig. S3 ), and the G262S substitution has a large impact on its stability (⌬G u ϭ 4.56 kcal/mol). The N70S mutation induces a smaller destabilization on wt BcII (⌬G u ϭ 12.9 kcal/mol), and the double mutant N70S/G262S is even less stable than either of the single mutants (⌬G u ϭ 3.28 kcal/mol). Thus, N70S is not a compensatory mutation for stability.
The crystal structure of M5 shows that the principal effect of removing the Asn-70 side chain is the elimination of the 2 H bonds connecting loops L3 and L12 (Fig. 1) . Loop L3 is flexible in the free enzyme, and it was shown to adopt different confor- mations on substrate and inhibitor binding (17) . Therefore, we decided to explore the effect of this mutation on the protein's flexibility by running molecular dynamics (MD) simulations for WT BcII, G262S, and N70S/G262S BcII in the free state and in the Michaelis complexes with cephalexin. These simulations show that the H bonds involving Asn-70 in wt BcII and Ser-262 in M5 are stable both in the free and in the bound forms. During the dynamics runs of the unbound forms, L3 moves closer to L10 both in wt and G262S BcII. Instead, in N70S/G262S BcII, loop L3 tears apart from L10, resulting in a more accessible active-site groove. The MD simulations of the 3 enzymes with cephalexin docked onto the active site provide a different picture. The conformation of loop L10 in the WT BcII-cephalexin complex shows a loose interaction between the carboxylate moiety of the substrate and the conserved Lys-224 (Fig. S4) . This interaction is favored in the 2 mutants, accounting for the enhanced activity in both cases, which is driven by the introduction of Ser-262, which connects loops L12 and L10. Furthermore, in the double mutant, while showing a more open active site in the unbound form, loops L3 and L10 move closer to each other when the substrate is bound (Fig. S4) . Thus, the N70S mutation bestows a more flexible scaffold by removing the 2 hydrogen bonds that connect L12 and L3. Because the spectroscopic data (Fig. S1 ) indicate that this mutation does not alter the metal site structure, it is evident that its acts exclusively on the loop structure and dynamics.
We analyzed the in vivo effect of these mutations by determining the antibiotic resistance in Escherichia coli toward cephalexin and cefotaxime. The expression level of all BcII variants in the periplasm was similar (as revealed by Western blot analysis of the periplasmic extracts), as well as the minimum inhibitory concentration (MIC) toward cefotaxime, used as a reference substrate. Instead, the MIC of cephalexin was enhanced from 32 g/ml (wt BcII) to 256 g/ml by the G262S mutation. Mutation N70S was deleterious on a wt background, reducing the MIC by 50%. Instead, the MIC of the double mutant was 512 g/ml, i.e., when this mutation took place on G262S BcII, it induced high resistance levels. These data closely parallel the in vitro data: the effect of each mutation in organismal fitness is determined exclusively by the catalytic efficiencies (Fig. 4) .
Discussion
Here, we have been able to dissect the specific roles of 2 mutations in an evolved metallo-␤-lactamase in conferring higher resistance levels to antibiotics. We have solved the crystal structure of the evolved lactamase, and performed a kinetic, biophysical, and mechanistic study of single and double mutants, which allowed us to trace a general picture of molecular evolution of this enzyme directly linked to organismal fitness, measured in terms of bacterial survival.
All of the experimental data herein presented allow us to postulate the following scenario for M␤L evolution. The G262S mutation is responsible for the enhanced cephalexinase activity through a 2-fold effect: the H bond between Ser-262 and Cys-221 not only allows loop L10 to adopt a less open conformation on cephalexin binding, but it also leads to a better positioning of the Zn2 ion. Recent rational mutagenesis studies on BcII have shown that shifting the position of the Zn2 site into a slightly more buried location (and thereby also increasing the Zn1-Zn2 distance) results in a severe impairment of the lactamase activity (24, 25) . Zn2 has been suggested to play an essential role in substrate binding and orientation (in concert with Lys-224) (24) (25) (26) (27) , and in favoring C-N bond cleavage through the stabilization of a negative charge on the ␤-lactam nitrogen (Fig. 3 ) (23) . M5 displays the shortest Zn-Zn distance (3.2-3.4 Å) among all native and mutant enzymes from this family (17) , with the Zn2 ion much more exposed than in WT BcII (Fig. 1) , thus being better suited to stabilize a negatively charged reaction intermediate. This reveals that M␤L activity can evolve still further by improving the rate-limiting step by fine tuning the position of Zn2.
The G262S mutation, while enhancing cephalexin hydrolysis, induces a relative tightening of L10 with respect to L12 that does not favor penicillin, cefotaxime, and imipenem hydrolysis (Fig.  2) . Instead, the N70S mutation gives rise to an enzyme with a broader substrate spectrum, by augmenting the loop flexibility, as confirmed by the molecular dynamics analysis. This enhanced loop dynamics is manifested in a broader substrate spectrum of the double mutant compared with G262S BcII, which results in a 5-fold enhancement of the cephalexinase activity (Table S2) . A thermodynamic double-mutational cycle analysis (Fig. S5 ) reveals that the effect of these 2 mutations in this activity is not additive, disclosing a strong synergy (or ''coupling'') between them (9, 28) (Table S3) .
This in vitro synergy manifested in the catalytic efficiencies correlates with the effect of the mutations in organismal fitness, i.e., antibiotic resistance (Fig. 4) . The N70S mutation on wt BcII renders bacteria more sensitive to cephalexin. Instead, when this mutation is incorporated on G262S BcII, it induces a considerable increase on resistance. The finding of opposite effects of a single mutation in different genetic backgrounds is known as sign epistasis, a concept of great relevance for the understanding of protein evolution (1, 2, 4) . The existence of sign epistasis reveals that antibiotic resistance mediated by M␤Ls does not increase monotonically in the mutational landscape. Indeed, sign epistasis limits the number of viable evolutionary pathways (4). This is confirmed by analysis of the clones isolated in the different stages of the evolution experiment: the G262S mutation is present in the first round of selection, whereas N70S is only found in the last rounds of evolution. Metallo-␤-lactamases are present in bacteria that also express a serine-␤-lactamase. The serine enzymes display an already optimized catalytic machinery, with catalytic efficiencies often close to the diffusional limit. On evolution, the substrate specificity of the S␤L TEM-1 can be altered by mutations that widen the active-site entrance, without affecting the reaction mechanism (5). These mutations compromise the enzyme stability, and are usually accompanied by restoring, stabilizing mutations (2, 5, 15, 16) . Thus, the fitness landscape of S␤Ls is determined by a trade-off between the activity and stability features introduced by the mutations (15) . In terms of organismal fitness, this trade-off is manifested in sign epistasis, which limits the accessible evolutionary pathways.
This study reveals a different situation for the evolution of metallo-␤-lactamases: (i) the mutation altering the substrate specificity does not shape the active site cavity; instead, G262S has a direct impact on the active-site chemistry by stabilizing a reaction intermediate; (ii) no stabilizing, compensatory mutations were found; (3) rather, N70S is a destabilizing compensatory mutation for G262S. The fact that the resistance toward cefotaxime (used as a reference substrate) was not decreased by any of the mutations, and that expression levels of the mutants in the periplasm were similar, reveal that the stability threshold of M␤Ls has not been exhausted (3, 29) . Thus, the high stability of the M␤L fold (30) compared with that of serine enzymes (15, 16) allows the selection of resistance mutations at the expense of the protein stability. This work also favors the hypothesis put forward by Bloom and coworkers that protein stability promotes evolvability (29) toward other opposite proposals (31) .
Protein stability is not necessarily associated with evolutionary fitness (3). DePristo and coworkers have suggested that, because optimum protein stability falls within a narrow range, highly stable proteins lacking the required flexibility to meet their functional needs may not be favored by evolution (2) . This work provides a direct evidence for this hypothesis: provided the protein is stable enough (like BcII), mutations acting on the mechanism (G262S) and the protein flexibility (N70S) are able to shape the evolution of M␤L-mediated antibiotic resistance.
The G262S mutation has already been observed in enzymes coded by transferable genetic elements in opportunistic and pathogenic bacteria: IMP-1 and its putative ancestor, IMP-6, differ only by this mutation, which expands the enzyme's substrate spectrum (32) . This relatively recent event in the natural evolution in M␤Ls confirms that these enzymes have not yet reached their optimal performance. The effect of this mutation on the rate-limiting step of the reaction allows us to propose a strategy for designing a mechanism-based inhibitor with an evolutionary perspective. Recent mechanistic studies suggest that intermediate stabilization by the Zn2 site is essential in M␤L catalysis (33, 34) . Our results show that optimization of the chemistry in the active site can still be optimized by better positioning Zn2. We therefore propose the design of anionic transition state analogues targeted to bind the Zn2 site, which would provide better lead compounds for inhibitors, instead of ligands aimed to fit into an oxyanion hole (a strategy for designing S␤L inhibitors, that has failed for M␤Ls).
␤-Lactamase-mediated antibiotic resistance is a fascinating evolutionary scenario. Organismal fitness is determined by the expression of 2 nonparalogous types of enzymes displaying functional redundancy. Here, we have shown that the naturally occurring alleles of serine and metallo-␤-lactamases lie in different positions of the adaptive landscape. Serine-dependent enzymes seem to display an already optimized catalytic machinery, and mutations enhancing the activity or widening the substrate spectrum require compensatory, stabilizing mutations. Instead, M␤L evolution can still occur by acting the active-site chemistry through second-sphere mutations. Given their high stability, flexibility can be acquired by evolution by these enzymes at the expense of stability. These results suggest that M␤Ls may have been recruited more recently by bacteria to supplement the catalytic profile of S␤Ls. Indeed, their plasticity (regulated by the 2 loops flanking the active site) seems to be a crucial element in M␤L evolution.
The comparative analysis of the evolutionary traits acquired by these 2 types of enzymes provide a detailed description of how subtle changes in the protein structure affect the catalytic mechanism, protein stability and flexibility, with a direct impact on organismal fitness.
Materials and Methods
Materials. All chemicals were of the highest quality available. Tetracyclin, ampicillin, chloramphenicol, kanamycin, benzylpenicillin, cephalexin, cefotaxime, and 4-(2-pyridylazo)-resorcinol (PAR) were purchased from Sigma; nitrocefin was purchased from Calbiochem and imipenem was a kind gift from Merck, Sharp & Dohme. E. coli XL1 Blue MRF cells (Stratagene) were used as the cloning and recipient strain for plasmids. E. coli BL21 (DE3) pLysSЈ cells (Stratagene) were used for protein production. Luria-Bertani (Sigma) was used as growth medium for all bacterial strains. The enzymes used for DNA manipulation were purchased from Promega. Vent DNA polymerase was from New England Biolabs. Oligonucleotides were synthesized by Biosynthesis. DNA Techniques. DNA preparation and related techniques were performed according to standard protocols (35) . Site-directed mutagenesis was performed by using the megaprimer PCR method (36) (see details in SI Materials and Methods). Sequences were determined at the Sequencing Facility of University of Maine (Orono, ME).
Protein Expression and Purification. All proteins were overexpressed in E. coli BL21(DE3) pLysSЈ as fusion proteins with GST, purified and quantified as described in ref. 37 (see details in SI Materials and Methods). The metal content was determined in protein samples dialyzed 4 times against metalfree 10 mM Hepes, pH 7.5, 0.2 M NaCl, at 4°C, by using the colorimetric reagent 4-(2-pyridylazo)-resorcinol (PAR) under denaturing conditions (38) . The apoproteins were obtained as described elsewhere (22, 39) .
X-ray Crystallography. Crystals of M5 were grown by hanging drop vapor diffusion at 18°C. One microliter of protein solution was mixed with 1 l of reservoir solution, which contained 1 ml of 24% PEG 3350, 0.1 M sodium tartrate, 1 mM DTT, 1 mM zinc acetate, 0.1 M sodium cacodylate, pH 5.5. Needle-like crystals grew and were cryocooled by using a solution containing 35% PEG 3350, 0.1 M sodium tartrate, 1 mM DTT, 5 mM zinc acetate, 0.1 M sodium cacodylate, pH 6.0. The crystals were taken to the European Synchrotron Radiation Facility (beamline ID29), where they initially diffracted to 6-Å resolution. Annealing 1 crystal for 10 s yielded diffraction to 2.8 Å, and a dataset was collected. The data were processed and refined as described in the SI Materials and Methods. Data collection and refinement statistics are detailed in Table S1 .
Kinetic Studies. Steady-state kinetic parameters were measured and estimated as described in ref. 13 . Single-turnover kinetic studies were performed in an SX.18-MVR stopped flow (Applied Photophysis) associated to a photodiodearray detector with some modifications on the already reported protocol (23) (see SI Materials and Methods). The experimental progress curves were analyzed by using the numerical integration algorithm implemented on the software Dynafit (40).
Molecular Dynamics Simulations.
The structure of di-Zn(II) BcII from B. cereus [PDB ID code 1BC2 (20) ] was selected as the reference starting structure for all our calculations, as reported in ref. 41 . The force-field parameters for the protein frame, the counterions, and water are those of the AMBER PARM98 (42) and TIP3P (43) , respectively, and the coordination sphere of the Zn(II) ions was treated as in ref. 41 . For the antibiotics, the gaff force field was used (44), as for the charges. Electrostatic interactions were computed by using the Particle Mesh Ewald (PME) algorithm (45) . Further details are provided in SI Materials and Methods.
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